To provide additional insight into factors affecting exposure to airborne particulate matter and the resultant health effects, we developed a method to estimate the ambient and nonambient components of total personal exposure. The ambient (or outdoor) component of total personal exposure to particulate matter (PM) (called ambient exposure) includes exposure to the ambient PM concentration while outdoors and exposure while indoors to ambient PM that has infiltrated indoors. The nonambient component of total personal exposure to PM (called nonambient exposure) refers to exposure to PM generated by indoor sources and an individual's personal activity. We used data collected from a personal monitoring study in Vancouver, Canada to demonstrate the methodology. In this study, ambient PM 2.5 exposure was 71% of the measured ambient PM 2.5 concentration and was responsible for 44% of the measured total personal PM 2.5 exposure. Regression analysis of the pooled data sets for ambient and total exposure against outdoor concentrations yielded similar slopes (0.76 for ambient and 0.77 for total) but a higher coefficient of determination for ambient exposure (R 2 ¼ 0.62) than for total exposure (R 2 ¼ 0.072). As expected, the nonambient exposure was not related to the ambient concentration (R 2 o10 À6 ). For longitudinal analyses of the relationship between measured personal exposure and ambient concentrations for individual subjects, the correlation of total personal exposure with ambient concentration yielded values of Pearson's r from 0.83 to À0.68 with an average of 0.36. The relationship was statistically significant for only five of the 16 subjects. In contrast, the correlation of the estimated ambient exposure with ambient concentration yielded values of Pearson's r from 0.92 to 0.77 with an average of 0.88; 14 were significant. An example, taken from an epidemiologic analysis using the exposure data from this paper, demonstrates the usefulness of separating total exposure into its ambient and nonambient components. Keywords: panel study, particulate matter, personal exposure, ambient concentration, ambient exposure, nonambient exposure.
Introduction

Components of Personal Exposure to Particulate Matter
In this paper, we demonstrate how the ambient and nonambient components of total personal exposure to airborne particulate matter can be estimated from measurements of the ambient concentrations and the total personal exposures to PM 2.5 and sulfate. To estimate these components, we use data collected from an exposure and epidemiology study conducted in Vancouver, British Columbia, Exposure of Chronic Obstructive Pulmonary Disease Patients to Particles Brauer et al., 2001) .
As shown in Figure 1 , total personal exposure, T, as would be measured with a personal exposure monitor (PEM) carried by a subject, is composed of two major components. Nonambient PM exposure, N, includes exposure to PM generated by indoor sources and PM related to the subject's personal activity. Ambient (or outdoor) PM exposure, A, includes exposure to the ambient PM concentration, C, while outdoors and exposure while indoors to ambient PM that has infiltrated indoors. In this situation, ambient is used to refer to the PM measured at a community-monitoring site or to the average of several such sites, whereas outdoor is used to refer to the PM measured just outside the microenvironment of interest. The total personal exposure is the sum of the ambient and nonambient exposure, that is, T ¼ A þ N. Whereas T and C may be measured, A and N must be estimated.
Why Separate T into A and N?
There are different legal requirements for A and N. Many national environmental regulatory agencies have standards for ambient air but not for indoor air. In the case of the United States, The Clean Air Act (U.S. Code, 1998) requires the Environmental Protection Agency (EPA) to set National Ambient Air Quality Standards (NAAQS) for PM and to regulate PM in ambient air. EPA currently regulates the mass of PM 2.5 in ambient air and may replace the PM 10 standard with a PM 10-2.5 standard. Although EPA and other agencies may have the authority to regulate some toxic substances that are components of PM, they do not have the responsibility to set standards or regulate indoor concentrations of PM mass. They do, however, have the responsibility to educate the public regarding risks of PM generated indoors. In order to properly apportion risk, information is needed on the concentrations and possible health effects of A and N as well as Tand C. A will be only a fraction of C but T will often be greater than C.
A and N have different properties. Most of the ambient PM mass that infiltrates indoors will be in the accumulation mode, in the size range between 0.2 and 0.8 mm diameter. Indoor-generated PM is mostly generated either as coarse mode PM, diameter 41.0 mm, or as near ultrafine PM, which is often observed as a narrow distribution between 0.1 and 0.2 mm diameter (Long et al., 2000) . Nonambient or indoor-generated PM generally contains relatively more of substances such as resuspended house dust, endotoxins, mold spores, animal dander, bioaerosol fragments, and fresh combustion products. However, ambient or outdoor PM generally contains relatively more sulfates, nitrates, strong acidity, transition metals (which generate reactive oxygen species (ROS)), other toxic metals, photochemically aged combustion products (oxygenated and nitrated polycyclic aromatic hydrocarbons that are mutagenic and also generate ROS), and pollen. It is reasonable, therefore, to assume that ambient-and indoor-generated PM may differ in toxicity (Long et al., 2001a) and thus might have different types and levels of health effects.
Application to Epidemiology
For epidemiologic studies that rely on ambient concentration as a surrogate for exposure, total personal exposure must be divided into its ambient and nonambient components to investigate the key statistical relationships that determine if ambient concentrations provide a satisfactory surrogate for ambient exposures (Zeger et al., 2000) . These relations are as folllows: (1) Is A correlated with C? If so, C can serve as a surrogate for A. (2) Is N correlated with C? If not, N will not confound nor influence the estimation of risk based on the regression of health outcomes against C. T must be separated into its N and A components in order to determine these statistical relationships. The above considerations apply to panel studies (10-20 subjects followed for 10-30 days), community time-series studies, and large long-term cohort studies. For panel studies, it is possible, as will be shown in this paper, to determine the daily, individual values of A and N for each member of the panel. Thus, associations of health outcomes may be separately investigated for T, A, N, and C. In addition, the statistical relationships found between C and A and between C and N should provide insight into the suitability of C as a surrogate for A or T. Wilson and Suh (1995, 1997) recommended that personal exposure from indoor-generated particles be differentiated from personal exposure to outdoor particles in order to test the statistical relationships discussed above. The PM Research Needs document (EPA, 1998) and the National Research Council PM report (NRC, 1998) both recommended studying the relationship between ambient PM concentrations measured at a community monitoring site and personal exposures to that ambient PM, that is, the ambient component of personal exposure. Mage et al. (1999) used data from the particle team exposure assessment methodology (PTEAM) database (Ö zkaynak et al., 1996a) to demonstrate how the mass balance equation could be used to estimate A and N from measured values of a and estimated values of p and k. They estimated A and N and showed that N and C (outdoor PM measured at each home) were essentially unrelated (R 2 ¼ 0.005). Wilson et al. (2000) , using the same PTEAM database and estimation technique, reported a coefficient of determination for A with outdoor C (R 2 ¼ 0.74) and central monitoring site C (R 2 ¼ 0.51). (The coefficient of determination for outdoor C with T for the same PTEAM data was R 2 ¼ 0.14.) Ott et al. (2000) recommended partitioning personal exposure into its ambient and nonambient components. They introduced the term ''attenuation factor (a)'' to account for the difference between A and C (A ¼ aC). They also provided a statistical interpretation of the mass balance model and showed how it could be used to estimate the average N and a from a set of measurements of T and C. Wilson et al. (2000) discussed three techniques for estimating average values of a, A, and N for subjects in a given exposure study and two techniques for determining the daily, individual values of a, A, and N. They suggested that the ratio T/C for a species that had no indoor sources could be used as a tracer for the attenuation factor for particles with the same size distribution. (Similarly, the ratio C in /C, where C in is the PM concentration indoors, could be used as a tracer for the infiltration factor in situations where there are no major indoor sources.) Wilson et al. (2000) also discussed the characteristics of a tracer species. They suggested sulfate as a candidate for a tracer for PM 2.5 , as the size distribution of atmospheric sulfate is similar to that of accumulation mode particles, which comprise the majority of PM 2.5 mass (Whitby, 1978) . They further recommended applying this technique to panel epidemiology studies to determine the associations between health outcomes and the various components of personal exposure. Here we present an application of this technique to such a study. The epidemiological relationships with the various components of exposure are presented elsewhere (Ebelt et al., 2005) .
Background
Methods
The Mass Balance Equation
The mass balance equation below describes the relationships between the various exposure parameters and variables at equilibrium (Dockery and Spengler, 1981; Duan, 1982; Ott et al., 2000; Wilson et al., 2000) .
where y is the time spent outdoors, p is the penetration coefficient, a is the air exchange rate, and k is the removal rate. The quantity [pa=(a þ k)] is known as the infiltration factor, F INF . When multiplied by C, it gives the amount of ambient PM that has infiltrated indoors. The quantity [y þ (1-y){pa/(a þ k)}] is known as the attenuation factor, a. When multiplied by C, it gives the ambient component of total personal exposure to PM. A summary of the various notations, symbols, definitions, and equations used in this paper is given in Appendix A1. In the text, equations in Appendix A1 are referred to as (A.1), (A.2), etc.
Use of a Species Which Has No Indoor Sources as a Tracer of Infiltration or Attenuation
In the mass balance equation, the air exchange rate is independent of particle size; however, p and k, and therefore F INF and a, are functions of particle size. However, species with the same size distribution should have the same F INF and a. If the species had no indoor sources, N would be zero, and F INF would be given by C ai/ C and a by T/C. Sarnat et al. (2002) showed good agreement between F INF for sulfate and F INF for particle volume in the accumulation size range and concluded that sulfur compounds were primarily of ambient origin and behaved in a manner that was representative of PM 2.5 . It is possible that sulfate-containing particles could be generated indoors by the use of matches, evaporation of water droplets generated by humidifiers using ultrasonic nebulizers, or by evaporation of droplets from spraying or splashing water (Ollison, 2004) . However, sulfate from such sources would not be correlated with ambient sulfate and would lead to lower correlations between personal sulfate, T SO4 , and ambient sulfate, C SO4 , and to higher intercepts from the regression of T SO4 on C SO4 than observed in this study. Based on these observations, we assume that the attenuation factor for sulfate may be used as a tracer of the attenuation factor for PM 2.5 .
The Vancouver Panel Study
The Vancouver study, as described in detail by , was conducted within the Vancouver, British Columbia metropolitan area during April-September 1998. Sixteen subjects (nonsmoking, age 54-86 years) with physiciandiagnosed chronic obstructive pulmonary disease wore personal PM 2.5 exposure monitors (PEMs) for seven 24-h periods, on weekdays randomly spaced approximately 1.5 weeks apart. The number of valid data points for PM measurements ranged from 104 to 112. Daily time-activity logs (30 min intervals) were also obtained for each subject.
Measurements of T and C for PM 2.5 Mass and Sulfate
Filters from the PEMs (supplied by MSP Corp. with PM 2.5 impactors, 37 mm Teflon filters, and a 4 l/min flow rate) were used to measure total 24-h personal exposures (T) to PM 2.5 mass (T 2.5 ) by microbalance and to sulfate (T SO4 ) as the sulfate ion using ion chromatography. Harvard Impactors with PM 2.5 impactors, 47 mm Teflon filters, and a 4 l/min flow rate (Marple et al., 1987) were used to measure ambient concentrations of PM 2.5 mass (C 2.5 ) and sulfate (C SO 4 ) at each of five fixed, outdoor monitoring sites spaced throughout the study region and operated by the Greater Vancouver Regional District Air Quality Department. Information on intercomparisons and collocation of PM samplers are given in Appendix B1, Data Collection.
Quality Assurance
It is necessary to examine the database for outliers, because with such a small number of data points an erroneous value or an outlier could bias the statistical interpretation. Two values of T ij 2.5 and N ij 2.5 were identified as outliers as shown in Figures 4 and 5. As measurements of ambient concentrations were available at five monitoring sites, it was possible to consider either the average of all five sites or the closet site to the subject's home. In this analysis, the averages of the PM and sulfate concentrations measured at the five monitoring sites were used as indicators of the ambient concentrations. The statistical tests used to determine the averages of the concentrations at the five ambient sites were superior to the concentrations at the closest site and other details of the quality assurance of the data are described in Appendix B, Data Analysis. .
Estimation of
Extension to Other Exposure Parameters
During the Vancouver study , PM 10 was measured by the Greater Vancouver Regional District at the five stationary sites using a Tapered Element Oscillating Monitor (TEOM). The TEOM PM 10 units (either model 1400A or 1400AB) were operated according to the Canadian National Air Pollution Surveillance Network QA/QC manual in use in 1998. The PM 10 values did not include the 3 mg/m 3 offset and other internal adjustments currently used in the U.S. The filter was heated to 501C to remove particle-bound water. The difference between PM 10 and PM 2.5 provides a measurement of PM 10-2.5 , an indicator of thoracic coarse particles. This measurement is most accurate when both PM 10 and PM 2.5 are measured by exactly the same technique or by a dichotomous sampler (Williams et al., 2000b) . However, such measurements are seldom available. No personal measurements of coarse particles were made, but sufficient information was available to estimate ambient exposure to PM 10 (A 10 ) and to PM 10-2.5 (A 10-2.5 ), the thoracic coarse fraction of PM.
Since air exchange rates (a ij ) vary over time and across residences, but do not depend on particle size, a ij for each subject-day can be estimated from a ¼ y þ (1Ày){pa=(a þ k)} using y ij from time-activity logs, measured values of a SO4 ij , and estimates of p ¼ 1 and k ¼ 0.2 for sulfate. The estimated value of a ij was then used in the equation for a with y ij and the p and k values appropriate for PM 10-2.5 (p ¼ 1.0 and k ¼ 1.0) in order to estimate a ij 10-2.5 . Finally A ij 10-2.5 is estimated from A ij 10-2.5 ¼ a ij 10-2.5 Á C j 10-2.5 , where C 10-2.5 was obtained by calculating the difference between the measured values of C 10 and C 2.5
. In addition, ambient PM 10 exposures (A 10 ) were estimated using
. The values of p and k used were determined by statistical analysis of the PTEAM database (Ö zkaynak et al., 1996b) and are based on the infiltration of the fine and coarse modes. These values are in reasonable agreement with those obtained from night-time measurements of indoor/outdoor ratios as a function of mobility particle size (assuming no resuspension during night time). In this case, an analysis of the summertime data yielded p ¼ 0.97 and k ¼ 0.18 for the 0.1-0.5mm size range (Long et al., 2001b) .
Results and discussion
Distribution of Parameters
The distribution of the individual, daily values of the measured and estimated parameters are given in and shown graphically in Figure 2 . The average, standard deviation, and the coefficient of variation are also shown. The ambient exposures are slightly more variable than the corresponding ambient concentrations. However, for PM 2.5 , the nonambient exposure is much more variable than the ambient exposure.
Regression Analysis of Pooled Data
As pointed out by Dockery and Spengler (1981) and discussed more recently by Wilson et al. (2000) , Ott et al. (2000) , and Williams et al. (2003a) , as T ¼ N þ aC, a regression analysis of the total exposure, T ij , against C j yields a slope equal to the average attenuation factor, ā, and an intercept equal to the average nonambient exposure, N.
Similarly, regression of T
should yield a similar value of the slope ( a SO4 ) and, if there were no indoor sources of sulfate, a zero intercept. As, A ¼ aC, a regression of A ij against C j should also yield a slope of a and an intercept of zero. If N is independent of C, a regression of N ij against C j should yield a slope of zero, an intercept of N, and an R 2 near zero. The relationship between the individual personal exposures to sulfate and the ambient concentrations of sulfate is shown in Figure 3 . The very low intercept (0.01 mg/m 3 ), which could be attributed to nonambient sulfate, indicates that very little sulfate was generated indoors or by personal activities. The correlation coefficient of 0.75 for the correlation of pooled data indicates a strong relationship between personal and ambient sulfate concentrations and is further evidence that there are minimal indoor sources of sulfate. The average ratio of personal to ambient, the attenuation factor, a SO 4 , estimated from the slope of the regression of T SO4 on C SO4 is 0.74. The average of the individual 24-h averages of personal sulfate to ambient sulfate for each individual subject and day, ā ij , is 0.75, in good agreement with the estimate from the slope.
The time spent outdoors for each individual on each day was estimated from the daily time-activity diaries and an average value obtained for the pooled data. The average time spent outdoors was then used in the mass balance equation . The regression of T ij 2.5 against C j 2.5 is shown in Figure 4 and that of A ij 2.5 against C j 2.5 is shown in Figure 5 . The ā, , and the ambient concentrations of PM 2.5 , C 2.5
.
(1) This subject spent 10.6% of this day away from home in another indoor environment. The maximum amount spent at another indoor location by that subject on other days was 2.3% on one day and 0% on other days. There was no environmental tobacco smoke (ETS) exposure reported. So, this high exposure may be attributed to something (unknown) in the other indoor environment. (2) This subject spent no time outdoors on this day. On five of the seven sampling days, this subject spent 10-19% of the time outdoors. On the other day in which no time was spent outdoors, the exposure was high (52.6 mg/m 3 ). This subject also reported ETS exposure on all days (even though there was not supposed to be any smoking in the home). This high exposure could therefore be attributed to less time outdoors than on other days and a home environment with high indoor PM levels (possibly due to ETS). On this day T 2.5 ¼ 69.6 mg/m 3 but the ambient concentration was a low C 2.5 ¼ 6.6 mg/m 3 , ratio ¼ 10.5. On the other day with high exposure, T 2.5 ¼ 52.6 mg/m 3 but C 2.5 ¼ 14.4 mg/m 3 , ratio ¼ 3.7, so this day will not be an outlier. , and the ambient concentrations of PM 2.5 , C , shows how inclusion of N 2.5 in T 2.5 reduces the correlation of T 2.5 with C 2.5 compared to the correlation of A 2.5 with C 2.5 and T SO4 with C SO4 . The nonambient exposure, N, however, is independent of C. The regression of N on C (Figure 6) (Figure 3 ) and 8.51 mg/m 3 from the average of the individual N ij . Note that as predicted by Wilson et al. (2000) , N is essentially independent of C and A is highly correlated with C.
Coefficients of determination (R 2 ), slopes (ā), and the intercept of N from statistical analyses of the pooled data set and average values from individual a it and N ij are given in ), it is possible to estimate individual, daily values of A ij and N ij . These values, along with T ij , were regressed against C j for each subject. Table 3 lists the correlation coefficient (Pearson's r) for the regression of T, A, and N against C for PM 2.5 and for T SO4 against C SO4 ; the t-statistic for the slope of the regression of T 2.5 against C
2.5
; and values of the average attenuation factor, a, for each subject. Listed at the bottom are the values of the mean, standard deviation, and coefficient of variation for the above parameters. The relationship between T 2.5 and C
, as indicated by the slope of the regression, was statistically significant (t42.4, Po0.05) for only three of ) and a, and thus p and k, may vary throughout the 24-h measurement period. Therefore, it is not clear that a lower value of p and a higher value of k would improve the reliability of the estimates of A and N provided for the Vancouver epidemiologic study (Ebelt et al., 2005) .
It is a general observation from many studies that the mean or median Pearson's r (for T vs. C) for a group of subjects (longitudinal relationship) will be higher than the r obtained when all subject/day data are analyzed as one data set (pooled relationship). However, there are usually a number of subjects, as is the case in the Vancouver study, whose individual r is not only low, but also not statistically significant. However, as shown in the distribution of individual exposures in Table 3 and Figure 7 , subjects whose T 2.5 yields a low r for the correlation with C 2.5 still have a high r for the correlation of A 2.5 with C 2.5 (rX0.75 with only one exception) and an even higher correlation for T Table 3 , r for the correlation of N with C was negative for 11 subjects and positive for five subjects.
Relevance for Panel Studies
If daily, individual-level health outcome data are available, it is possible to examine the relationship between these outcomes and each exposure variable T, A, and N as well as C. Thus, it would be possible to determine if A and N have similar statistical relationships with health effects. If ambient and nonambient PM differ in composition, different relationships would be expected for A and N. Also, it would be possible to determine if the exposure variables (A, N, or T) are more highly associated with health effects than C. The individual, daily values of A ij (for PM 2.5 , PM 10-2.5 , and PM 10 ) and N ij (for PM 2.5 ) estimated in this analysis along with personal exposure and ambient concentrations measured in the original panel study have been used with health outcome data to assess relationships for 12 concentration and exposure variables with measures of lung function FEV 1 (the forced expiratory volume in the first second) and cardiovascular function (blood pressure, heart rate, and measures of cardiac arrhythmia and heart rate variability) in an epidemiologic analysis of the Vancouver panel study (Ebelt et al., 2005) . For example, Figure 8 shows results for one measure of lung function response: DFEV 1 , the difference in FEV 1 as measured before and after the 24-h exposure period. As indicated, no statistically significant relationships were found with T or C. However, by resolving T into its A and N components, it was possible to show that A was significantly associated with health effects. These results indicate the importance of separating personal exposure into its ambient and nonambient components.
Conclusions
We have demonstrated a technique for estimating the ambient and nonambient components of total personal exposure to PM 2.5 from measurements of total personal exposure to PM 2.5 and sulfate and ambient concentrations of PM 2.5 and sulfate. This technique uses the ratio of personal sulfate exposure to ambient sulfate concentration on an individual, daily basis as a surrogate for the individual, daily values of the ratio of the ambient component of personal PM 2.5 exposure (ambient exposure) to the ambient PM 2.5 concentration. (This ratio is known as the attenuation factor.) This technique requires the assumption that indoor sources of sulfate are minimal and that the size distributions of sulfate and PM 2.5 are similar.
If the subject's time outdoors is known, or if indoor concentrations of sulfate and PM 2.5 have been measured, this information can be used in the mass balance equation, with estimated values of the penetration factor and removal rate for PM 2.5 , to estimate the air exchange rate. The air exchange rate can then be used with estimated values of the penetration factor and removal rate for PM 10-2.5 to estimate the attenuation factor for PM 10-2.5 . This can then be used with measured values of personal exposure to PM 10-2.5 and ambient concentrations of PM 10-2.5 to estimate the ambient and nonambient components of exposure to PM 10-2.5 . These estimates may be combined with similar estimates for PM 2.5 to give the ambient and nonambient components of exposure to PM 10 . Using the techniques described in this paper, such exposure estimates have been made for the Vancouver panel study. These exposure estimates, and the measured concentrations and total personal exposures, have been used in a reanalysis of the Vancouver health outcome data (Ebelt et al., 2005) . That analysis demonstrated that statistically significant associations could be found between health outcomes and ambient exposure even though statistically significant associations were not found between health outcomes and total personal exposure or ambient concentrations.
An examination of the relationships between ambient concentrations and exposure components indicates that ambient concentrations provide a useful surrogate for ambient exposure for use in epidemiologic studies but that ambient concentrations do not provide a useful surrogate for total personal exposure or nonambient exposure. The correlation between ambient concentrations and nonambient exposure is close to zero. Therefore, health effects due to nonambient exposures will not bias or confound the relationship between ambient concentrations and ambient exposure. However, the difference between ambient concentration and ambient exposure will bias the relative risk derived from such epidemiologic studies, so information on the attenuation factor is useful.
T total personal exposure as measured by a monitor worn by an individual N nonambient exposure, that is, the component of total exposure due to indoor sources, while indoors, plus ''personal cloud'' or personal-activity sources, while indoors or outdoors A ambient exposure, that is, exposure to ambient particles, while outdoors, plus exposure, while indoors, to particles that have infiltrated from outdoors to indoors C ambient concentration, as measured at a community monitoring site or the average of several community monitoring sites C ai concentration of ambient PM infiltrated indoors from outdoors C in concentration of PM in indoor air would refer to the ambient exposure to sulfate in PM 2.5 . As in this study sulfate was only measured in PM 2.5 , we simplify the notation so that A SO 4 refers to ambient exposure to sulfate in PM 2.5 .
Appendix B1. Quality assurance
Data Collection
Three PM samplers were used in the Vancouver panel study, personal exposure monitors (PEM), Harvard Impactors, and the Tapered Element Oscillating Microbalance (TEOM). Prior to the Vancouver panel study, collocation and intercomparison experiments were made with the PEM and the Harvard Impactors. The results indicated that the PEMs gave readings that were on average 1.5 mg/m 3 higher than the Harvard Impactors but that this difference was less than the difference between collocated PEMS (mean difference of 2.3 mg/m 3 ). Therefore, no adjustments were made to the values measured in the study. Other studies have also found higher values for the PEMs, especially for intercomparisons conducted indoors (Williams et al., 2000a, b; Weisel et al., 2005) . These differences may be related to differences in the loss of ammonium nitrate and semi-volatile organic compounds due to evaporation during sampling. The PEM has a lower face velocity and pressure drop across the filter and, therefore, would be expected to retain more of the semivolatile components. The observation from an intercomparison of PM 10 monitors (Thomas et al., 1993) that PEMs gave median PM 10 concentrations that were approximately 9% higher than the dichotomous sampler and 16% higher than the high-volume sampler are consistent with this explanation. Other studies have examined the agreement among the PEM, the Harvard Impactor, and the Federal Reference Method for PM 2.5 and measured the precision of the PEM and the Harvard Impactor (Babich et al., 2000; Liu et al, 2003; Williams et al, 2000b,c) . There do not appear to be any intercomparisons of the TEOM with PEMs, but the TEOM is classified as an equivalent method for PM 10 . In general, while exposure analysts have been concerned with the differences among the various PM monitors, they have concluded that the measurements are adequate to conduct reliable exposure studies.
Data Analysis
The Vancouver study had monitoring data from five sites in the neighborhood in which the subjects lived. It was necessary to decide whether to use the ambient concentration data from the monitoring site closest to each subject's home or to use the value obtained by averaging the concentrations data from all five sites. The closest site would not be the most representative site if the site, but not the subject's home, were impacted by a local source. Averaging across five sites would also reduce the effect of a measurement error at the closest site. Therefore, both possibilities were examined.
The initial simple least squares regression analysis of T 2.5 vs. C 2.5 for the entire data set yields an ā of 0.32 for the closest sites and an ā of 0.52 for the average of five sites. Both values of ā seem unreasonably low for PM 2.5 for the summerfall period for subjects who mostly kept their windows open. These values were also low compared to the ā obtained from the regression of T SO4 against C SO4 . Two additional regression models, which gave less weight to points farthest from the regression line, were tried. They gave increased values for ā, but lower and unrealistic values for N. Therefore, some quality control checks on the data (C j and T ij ) were performed. As a point with a high T and a low C, or a point with a low Tand a high C, would unduly reduce the value of a obtained from the regression, the distribution of T ij =C j was examined. Two high values were found that were well outside the distribution of the remaining points. After removing these outliers, the simple least squares regression of T ij against the average C ij yielded ā ¼ 0.77, in good agreement with ā ¼ 0.74 from the regression of T SO 4 against C SO 4 and the ā ¼ 0.75 obtained from the average of the individual sulfate a
. However, even with the outliers deleted, the slope obtained from the regression with the closest site was too low (ā ¼ 0.56). Therefore, it was decided to use the average of the five monitoring sites in the further analysis of the data. Table B1 shows the results of the four regression analyses. If the interest is in obtaining a meaningful ā and N from a regression analysis, it will be necessary to check for and, if necessary, remove points that are clearly outside the distribution. However, if the interest is in determining if C is an adequate surrogate for T, the outliers should be kept in the analysis unless it can be shown that they are owing to error rather than unusually large nonambient exposures.
The average of the ambient concentrations from the five sites was used for the statistical analyses and discussion in this paper. However, in estimating values for use in the epidemiologic analysis (Ebelt et al., 2005) , we performed some additional adjustments in order to obtain the most appropriate values for each individual subject. For two subjects, T SO 4 =C SO 4 values were mostly greater than 1, and the regression of T SO4 vs. C SO4 gave a positive intercept, suggesting an indoor source of sulfate. We could not identify, however, any sources of indoor sulfate based on time-activity data. In future studies, it would be useful to check for possible indoor sources such as use of ultrasonic humidifiers, matches, kerosene heaters, inhalers using medications in the form of sulfates, or placing the personal sampler where it would be exposed to particles from evaporation of droplets from showering. For the two subjects with a positive intercept, the average a SO4 , as given by the slope of T
SO4
vs. C SO4 for each individual, was used. In both cases, the regression of T SO4 on C SO4 yielded a high correlation and, therefore, a reliable value of a SO 4 . The values of a SO 4 were then multiplied by the corresponding daily C 2.5 value to obtain A ij 2.5 (Eq. (A.5)), followed by estimation of N ij 2.5 using Eq. (A.4). An additional 11 values of a SO4 ij were 41. For these cases, the a 
